Abstract: Cobalt is one of the possible contaminants originating from radioactive wastes or from metal mines and refineries. This paper describes sorption of cobalt by the foliose lichen Hypogymnia physodes from CoCl2 solutions spiked with 60 Co
Introduction
The migration of radionuclides in the terrestrial environment must be studied to estimate the impact of radioactive waste disposal on the biosphere. During migration in the terrestrial environment radionuclides are sorbed by inorganic and organic compounds (Ohnuki et al. 2003) . Sorption of bivalent metals by inorganic sorbents, such as clays and zeolites, was studied by many researchers (e.g., Závodská et al. 2006) . Many papers describing accumulation (cellular uptake), biosorption (metabolically independent sorption to biomass) of metals and radionuclides by microorganisms such as bacteria, fungi and algae have been published (Gadd 1996; Lloyd & Macaskie 2000; Lloyd 2003 ). Both living and dead biomasses are capable of biosorption. Metal binding ligands include carboxyl, amine, hydroxyl, phosphate, and sulfhydryl groups. These processes affect migration behaviour of radionuclides in the environment (Ohnuki et al. 2003) .
Lichens are symbiotic organisms composed of fungi and photosynthetic organisms. Lichen-dominated vegetation covers approximately 8% of Earth's land surface. Therefore, from a global point of view, lichens play an important role in plant and geobiochemical carbon, nitrogen and phosphorus cycles (Nash 1996) . However, the role of lichens in micronutrient and trace metal cycling in many settings remains largely non-quantified (Haas et al. 1998) . Lichens' nutrition depends on an input of mineral elements by interception of either soluble or particulate material through extracellular exchange at the thalli level, followed by intracellular uptake of elements (Sarret et al. 1998; Monnet et al. 2005) .
Lichens are widely used as natural biomonitors of environmental pollution. However, only a limited number of studies deal with the accumulation and sorption mechanisms of radionuclides by lichens. Haas et al. (1998) studied sorption mechanism of uranium by lichen Peltigera membranacea. They found out that rapid uptake of uranium by lichens probably goes via a series of steps involving surface complexation of aqueous uranyl species by acid base functional groups, followed by growth of heterogeneously nucleated uraniumbearing crystals at the cell wall and within a diffuse extracellular matrix. Ohnuki et al. (2003) showed by micro-PIXE analysis that cobalt was localized in the lichen Parmotrema tinctorum preferentially in the lower cortex and algal layer, respectively. In our previous works, we described the uptake of Cs (Kočiová et al. 2005; Pipíška et al. 2005b) and Sr (Pipíška et al. 2005a) by the lichen Hypogymnia physodes. The mechanism of short-term cation uptake by lichens is generally regarded as an abiotic process governed by surface complexation of cations with exposed functional groups on the lichen surface, or by the precipitation of solid phases on the cell walls. We found out that in the case of caesium uptake by H. physodes the ion-interaction process is followed by the active transport of Cs + ions across biological membranes. This indicates that caesium was preferentially localized in the intracellular spaces. On the other hand, strontium is preferentially localized on the surface of the thallus of H. physodes.
The aim of this study was to characterize the ability of the lichen H. physodes growing in Slovak territory to sorb Co from aqueous solution as a function of time and pH. The influence of monovalent and bivalent cations on sorption process was also studied. A sequential elution technique (SET) was carried out to determine the distribution of cobalt at different cellular sites.
Material and methods

Biomass collection
Biomass of epiphytic lichen H. physodes was taken from oaks (Quercus sp.) grown in the forest of the South-east hills of Strážovské vrchy mountains (48.95 • N, 18.42 • E; 500 m above sea level), Slovak Republic. Samples were taken in spring (April-May 2005) and winter (November-December 2005) . Bark covered by confluent layer of lichens was scrapped from the oak trunks 0.7 to 2.0 m above ground level. Great care was taken to minimize damage during collection. The method of collection was successfully used in our previous work (Kočiová et al. 2005; Pipíška et al. 2005a Pipíška et al. , 2005b . Lichen biomass used for experiments was kept for no longer than two weeks in Petri dishes at 20
• C illuminated by daylight. Humidity was maintained by periodical spraying of distilled water. Lichen samples on bark were pre-incubated in distilled water for 0.5 hour before the experiments. Wet lichen biomass was then removed from bark by scalpel blade. Adhering particles and organisms were carefully removed from the thallus. Impurities and debris were removed by repeated washing in distilled water and water droplets were wiped off by gently pressing them between layers of cotton wool. Wet lichen samples corresponding to 0.1-0.2 g of airdried at 20
• C for 72 h biomass containing 7.1% (w/w) of residual water were used for bioaccumulation experiments. All presented data are expressed on air-dried weight basis.
Biosorption kinetics
Biosorption experiments were carried out in triplicate in 100 mL Erlenmeyer flasks containing 20 mL distilled water and 60 Co 2+ (0.385 µM CoCl2, 55 kBq · L −1 ). If not otherwise stated, presented data are arithmetic mean values. Wet lichen biomass (corresponding to 215 ± 13 mg, air-dried at 20
• C for 72 hours) was added, the content was agitated on a reciprocal shaker at 120 rpm for 24 h at 20
• C, illuminated with daylight exposure. The pH values were recorded at the beginning and at the end of experiments. In time intervals 0 min (before the adding of lichen biomass), 10 and 40 min, 1, 2, 4, 6 and 24 h, 2 mL clear liquid samples were taken, the radioactivity was measured and the samples were returned back to reaction vessels. At the end of the experiments, lichen samples were removed from reaction solution, rinsed in distilled water to remove 60 Co 2+ solution capillary retained on biomass surface, and water droplets were wiped off by gentle pressing between layers of cotton wool. Radioactivity of both lichen and liquid samples was measured using glass test tubes placed in the well of a NaI scintillator detector.
Equilibrium studies
The two widely accepted and easily linearized adsorption isotherm models (Langmuir and Freundlich) for single metal systems (Volesky 1994) 
where Qeq = the uptake of the metal by biomass
; Ceq = equilibrium concentration of metal in solution [µM] and b = constant related to energy of adsorption. The linearized form of Langmuir isotherm is as follows:
A general form of the Freundlich model equation is:
where k and 1/n values are the Freundlich constants referring to adsorption capacity and intensity of adsorption, respectively. The linearized form of Freundlich isotherm is as follows:
Effect of pH on Co 2+ biosorption
Lichen biomass was shaken in 60 Co 2+ solution of desired pH for 24 h on a reciprocal shaker at 120 rpm. In order to eliminate interference of buffer components on biosorption, the non-buffered solutions in distilled water were adjusted to the desired pH values by adding 0.5 M HCl or 0.1 M NaOH throughout the entire study. This approach was also successfully used by other authors (Ledin et al. 1997 ) and in our previous paper (Pipíška et al. 2005a ). • C for 72 hours) was added, the content was agitated on a reciprocal shaker (120 rpm) at 20
Effect of Me
• C. Radioactivity in solution was measured after 24 hours and concentration equilibrium was calculated.
Cellular distribution of cobalt in lichen biomass
Cobalt accumulated at different cellular sites was estimated using sequential elution technique (SET) (Branquinho & Brown 1994; Branquinho et al., 1997) 
Radiometric analysis
For radiometric determination of 60 Co in liquid samples and lichen biomass, gamma spectrometric scintillation detector 54BP54/2-X with well type crystal NaI(Tl) (Scionix, Netherlands) and data processing software Scintivision32 (Ortec, USA) were used. The counting time of 600 s was sufficient for obtaining data with a measurement error <2%.
HCl) obtained from Alldeco Inc., Slovakia, was used in all experiments.
Results and discussion
Biosorption kinetics
The time-course studies on the biosorption of cobalt ions were performed by contacting 60 Co solution with lichen biomass at pH 5.3 and 20
• C. Biosorption of Co 2+ ions from solution by H. physodes is a rapid process (Fig. 1) . Maximum uptake was reached within 1 hour and changed only slightly during the next 24 hours. Uptake reached approximately 90% of the cobalt within 24 hours. The same lichen showed similarly high biosorption rates of Sr 2+ ions, studied in our previous paper (Pipíška et al. 2005a ). Similar adsorption kinetics of Cd 2+ , Zn 2+ , Pb 2+ and Cu 2+ from solutions by lichen Evernia prunastri was observed by Antonelli et al. (1998) , where equilibrium was reached within a few minutes. These results indicate that biosorption of the aforementioned cations was not dependent on metabolic activity. The biosorption process can be attributed to interactions of cations with anionic functional groups on the thallus surface. The thallus surface was supposed to contain ionogenic groups that generate a negative net charge (Garty 2001) . Anionic groups, fixed on the thallus surface, were found to be either carboxylic acid or hydroxycarboxylic acid. Carboxylic groups are also responsible for complexation of Pb in the cultured mycobiont in Cladonia cristatella (Richardson et al. 1985) .
In contrast to single-step Co 2+ behaviour, at least four phases can be expected in Cs + uptake by the same lichen (Kočiová et al. 2005) . The initial phase is a very rapid interaction of Cs + ions with anionic groups of the thallus surface, similarly as in the case of divalent metal ion (Co 2+ , Sr 2+ , etc.) biosorption. The following three phases are clearly time-dependent and represent active transport of Cs + across biological membranes (Kočiová et al. 2005) .
Sorption equilibrium
Several mathematical models have been used for describing equilibrium metal sorption by biosorbents in batch system (Volesky & Holan 1995) . Analysis of equilibrium data on a specific mathematical equation is significant for comparing different sorbents under different experimental conditions. The Langmuir (equations 1, 2) and the Freundlich (equations 3, 4) adsorption isotherms have been extensively applied for this purpose (Schiewer & Volesky 2000) . In our paper we describe the cobalt biosorption by H. physodes using both the Langmuir and Freundlich isotherms.
We found that the sorption of Co 2+ ions by H. physodes increased with increasing concentration of CoCl 2 in solution. The relationship between reciprocal values for Q eq and C eq was nonlinear and did not fit sufficiently the Langmuir model. Low correlation coefficient (R 2 = 0.82) allow us to obtain only approximate lichen sorption capacity for Co 2+ ions with Q max = 140 ± 16 µmol · g −1 . This can be due to the fact that the Langmuir model assumes a monolayer adsorption of metals on binding sites and that all metal ions interact only with a site and not with each other. In contrast to the Langmuir assumptions, the lichen surface has more than one binding site contributing to sorption processes. Additionally, sites on the surface of biological objects have different affinities for sorbing metal ions (Mehta & Gaur 2005) . The experimental data points fitted Freundlich isotherm (both in linearized and nonlinearized forms) are shown in Figure 2 with Freundlich parameters ln k = 2.77, 1/n = 0.22 and R 2 = 0.94. According to the correlation coefficients and the fit, only the Freundlich isotherm is adequate for modelling the removal of cobalt by H. physodes. Similar results were also obtained in our experiments with Sr 2+ biosorption by the same lichen H. physodes (Pipíška et al. 2005a ). Also, Ekinci Dogan et al. (2006) showed that the process of Cu 2+ biosorption by the lichen Cetraria islandica can be well described only by the Freundlich model; on the other hand, Au 3+ biosorption can satisfactorily be described by both isotherm models. It is worth mentioning, however, that the adsorption models are not able to explain the biosorption behaviour of complex biological systems (Cordero et al. 2004) . Table 1 illustrates the cobalt sorption capacities of some naturally occurring and synthetic sorbents. Comparison of our data with those of other authors demonstrates that sorption of cobalt by lichen H. physodes 0.168 mmol · g −1 is comparable with sorption of cobalt by other lichen, fungi and algae. Sorption capacities of synthetic sorbents, depending on the character and molar contents of binding functional groups, can be at least one order higher.
Effect of pH on Co
2+ biosorption Despite the fact that both models are used to fit the majority of experimental data for biosorption, the Langmuir and Freundlich models only reflect the influence of metal concentration on the sorption of one particular metal, without any consideration of important parameters such as pH, biomass concentration, ionic strength or presence of other metal ions. We found that the pH values of the reaction mixtures of lichen suspension in non-buffered distilled water, adjusted to the desired pH by adding small amounts of HCl or NaOH, showed significant changes during the incubation period (see the legend to Figure 3) . A tendency to shift both acidic and alkaline pH values to approximately pH 4.5-4.7 is obvious. A similar shift of pH from 5.9 to 4.5 caused by H. physodes in demineralized water as well as the increase of conductivity was observed by K los et al. (2004) . This can be attributed to the release of H + ions during the ion-exchange processes.
The pH dependence of Co 2+ biosorption by lichen biomass is depicted in Figure 3 . Biosorption found after 24 hour was not pH-dependent within the range of pH 4-7. This is in agreement with the character of H. physodes, which belongs to the group of acidotolerant lichens. The slight decrease of biosorption at pH 3 and negligible biosorption at pH 2 can be explained by protonation of active sites, resulting in competition between H + and Co 2+ for occupancy of the binding sites (Saeed et al. 2005) . Also Ohnuki et al. (2003) observed that cobalt sorption by foliose lichen Parmotrema tinctorum was independent of solution pH between pH 3 and 5. The strong pH dependence of uranium uptake by the lichen Peltigera membranacea was shown by Haas et al. (1998) . Maximum U uptake occurred at an initial fluid pH of 4-5, and precipitously decreased at more acidic and more basic conditions. The dependence of metal uptake on pH is related to both the surface functional groups on the biomass cell walls and to the metal chemistry in solution. The pH value can change the state of the active-binding sites, which are usually acidic. Their protonation and consequently their availability can change dramatically if the pH varied by 1 or 2 units (Schiewer & Volesky 2000) .
Such extremely low pH values at which biosorption of cobalt decreases or stops do not occur in the environment. The pH value of 5.6 corresponds to the natural acidity of precipitation water (in equilibrium with atmospheric CO 2 ). Only in periods of the highest emissions of sulphur and nitrogen oxides in 1980-1985, the pH of precipitations in Central and Northwestern Europe on average declined to pH 4. Parallel to the decline of emissions, the decline in the acidity of precipitation waters has been observed. Return to the normal values in Central and Western Europe is expected before 2010 (Miklos 2002) . This means that even acid rain will not influence the ability of lichens to sorb cobalt contamination in soluble form. There is a tendency to use nonvascular plants (lichen and mosses biomass) as bioindicators of water contamination with metals and radionuclides. Some newer data were published by Fugueira & Ribeiro (2005) and Monnet et al. (2005) . However in the case when lichen will be used as a probe in extremely acidic mine waters, false low concentrations of cobalt can be registered.
Some lichens can also grow in or on alkaline substrates such as limestone or concrete. However quantification of the biosorption of Co 2+ ions is complicated by the fact that cobalt precipitates at pH higher than 8 and therefore it becomes difficult to distinguish between sorption and precipitation beyond pH 8. Based on the known hydrolysis constant it has been shown that up to pH 8, Co(II) exists mainly as non-hydrolyzed Co 2+ ion but at pH 10 [Co(OH)] + predominates (Tewari 1972; Khan 2003) . Moreover, extreme pH values can damage the structure of the (bio)sorbent and therefore decrease metal uptake (Kuyucak & Volesky 1989) . For these reasons, cobalt biosorption was not investigated in our study at pH higher than 7. Cu 2+ . Similarly to protons, these cations can compete with the cobalt ions in terms of binding. This reduction in uptake is probably due to the excess of Me + and Me 2+ ions which inhibit the approach of Co 2+ to the active sites of sorbent (biomass). Low et al. (2000) also found that the increasing ionic strength significantly decreased the uptake of Pb and Cd by spent grain. Elevated salt concentrations decrease biosorption of Co 2+ ions, which can be the case in some industrial waste waters such as liquid wastes from factories producing mineral fertilizers.
Effect of Me
The cobalt-lichen bond is reversible and cobalt can partly be desorbed from lichen by washing with distilled water at ambient temperature and more efficiently by inorganic acids such as 50 mM HCl or by inorganic salts of bivalent metals. By single step exposition of lichen in distilled water, 20 mM spectively. Obtained data show high reversibility of Co 2+ ions taken up by lichen. In natural conditions we can suppose that cobalt contamination trapped by lichen will be stepwise released back into the environment by rain, snow and atmospheric moisture.
Cellular distribution of cobalt
In order to elucidate the cobalt distribution in different cellular sites, sequential elution technique (SET) according to Vázquez et al. (1999) and Branquinho et al. (1997) was used in this study. The basis of the SET techniques applicable for lichens is the replacement of one element bound to the extracellular exchange sites for another. According to Vásquez et al. (1999) , two washing steps with 20 mM NiCl 2 are sufficient to release extracellularly bound ions of class A metals (Al, Ba, Ca, Ce, Cs, K, La, Li, Mg, Na, Nd, Rb, Sc, Sr, Y) or borderline ions with class A character (As, Cd, Co, Cr, Fe, Ga, Mn, Ni, Sn, Ti, Va, Zn) . Approximately 98% of cobalt was bound extracellularly and only small amounts (up to 2%) were located intracellularly if SET with NiCl 2 as an extractant was used (Fig. 6) . Similar results were also obtained using Pb(NO 3 ) 2 as an extractant. Lower intracellular Co content was observed with Na 2 EDTA. Such small differences could be explained by taking into consideration that 20 mM Na 2 EDTA is capable of extracting metals that are strongly bound to extracellular sites, although it causes releases of mobile elements from the cell (Vázquez et al. 1999; Monnet et al. 2005) . Our results suggested that cobalt is preferentially accumulated in extracellular sites of lichen H. physodes. Different distribution in the same lichen H. physodes was observed for caesium, where more than 80% of Cs was accumulated intracellularly (Kočiová et al. 2005) .
Further studies for obtaining a detailed topographic distribution of cobalt in individual structures of H. physodes thallus will be necessary. Valuable results can be found in the study by Ohnuki et al. (2003) . By using µ-PIXE (particle induced X-ray emission) analysis they observed that cobalt concentration in foliose lichen P. tinctorum, which belongs to the same family as H. physodes, decreased in the order lower surface > upper surface, medullary layer > algal layer.
Conclusions
Laboratory experiments with epiphytic lichen Hypogymnia physodes collected from a forest of the Slovak Republic showed that 60 Co 2+ biosorption is a reversible single-phase process, independent of metabolic activity, maximum uptake being reached within 1 hour. The process obeys the Freundlich absorption isotherm, but not the Langmuir isotherm. Cobalt biosorption is not pH-dependent within the range of pH 4.0-7.0 and negligible at pH 2. Salinity, mainly the presence of bivalent cations competes with biosorption of Co 2+ ions. Monovalent ions, such as K + and Na + , show only a very weak competitive effect. Up to 98% of Co taken up by lichen can be removed by washing with 0.1 M NiCl 2 at 20
• C, which means that only a small portion of the cobalt is localized intracellularly. Cobalt can partly be desorbed from lichen by washing with distilled water at ambient temperature and more efficiently by inorganic acids such as 50 mM HCl or by inorganic salts of bivalent metals. Obtained data can be used for elucidation of the behaviour of lichens used as bioindicators of cobalt pollution in water system and mainly the risk of cobalt leakage from lichen probes under the influence of rain, snow and atmospheric humidity.
